Axenfeld-Rieger syndrome (ARS) encompasses a range of inherited ocular disorders in which the anterior segment (the front half) of the eyes shows structural malformations at birth. In addition, 50% of ARS patients develop glaucoma (neural retinal death), with resulting visual-field loss or blindness (Refs 1, 2; discussed in depth in Refs 3, 4, 5, 6) . Defects in other organ systems, typically the teeth and umbilicus, are also often part of ARS. The traits of ARS conditions display a wide range of variability in severity and manifestation (Refs 7, 8, 9, 10, 11) : even the same single point mutation can give different manifestations in different patients of the same family. This high degree of variable expressivity can lead to difficulties in disease classification, diagnosis and pathological studies.
The first gene that was shown to be defective in ARS was the homeobox transcription factor PITX2 ('pituitary homeobox 2'; Ref. 12) . Later studies identified additional ARS genes [FOXC1 ('forkhead box C1'; Refs 13, 14) and PAX6 ('paired box homeotic gene 6'; Refs 15, 16) ], but there is still potential for the discovery of more genes
The Axenfeld-Rieger disorders
The Axenfeld-Rieger group of disorders began to be recognised as one entity following an excellent review by Alward (Ref. 1) . Before this, separate conditions were diagnosed differentially, such as Rieger syndrome (RS), Axenfeld syndrome (AS), Axenfeld anomaly (AA), Rieger anomaly (RA), iridogoniodysgenesis syndrome (IGDS), iridogoniodysgenesis anomaly (IA), familial glaucoma iridogoniodysplasia (FGI), and iris hypoplasia (IH). It has been proposed that these distinctions have little value, and should all come under the one ARS heading ( Refs 1, 17) . There are several reasons for grouping these disorders together as ARS: (1) there are overlaps in symptoms between the old subgroups; (2) the variability in severity and range of clinical manifestations is sometimes as large within most of the subgroupings as between the subgroups;
(3) defects in either of the same two genes (PITX2 or FOXC1) are prevalent in several of the subgroups; and (4) there is some debate as to whether physicians can reproducibly score an abnormal angle in goniodysgenesis (Ref. 1). For example, AA was originally considered distinct from AS because of the lack of glaucoma (Ref. 18) ; however, about 50% of the AA patients do develop glaucoma (Ref. 1) . Although we support the unified nomenclature of ARS for all of the above, as a matter of interest we describe the typical clinical features of the subgroups below. Regarding genetic transmission of these disorders, most reports find AA and RS to be autosomal dominant (e.g. Refs 12, 19, 20) . There are occasional reports of other modes of inheritance, as in noninheritable AA (Ref. 21) , or autosomal recessive RS (Ref. 22 ). Peter's anomaly (PA; see below) occurs either spontaneously (Ref. 23) , or as an autosomal recessive trait (Refs 24, 25) , or as an autosomal dominant trait (Refs 26, 27) .
RS is typically characterised by defects of the eyes, teeth and abdomen (see Fig. 1 and Ref. 2 for clinical photographs). The eyes of an affected individual can appear with a variety of defects ( Fig. 1; Fig. 2 ). Schwalbe's line (the termination of Descemet's membrane -a basement membrane of the trabecular meshwork) is prominently visible in slit-lamp examinations as a white or yellowish ring lining the iris of the eye. This feature is also termed posterior embryotoxon, and milder forms are seen in normal individuals at a rate of about 15% (Ref. 28 ). In addition, there are several cases of RS without posterior embryotoxon (Refs 17, 29, 30) . The angle tissue in these patients is abnormal, and can include iridocorneal adhesions. The iris is hypoplastic, and often disrupted. Some patients may appear to have multiple pupils (polycoria), some have the pupil(s) displaced to one side, and the pupil can also appear thin and elongated, like that of a cat (corectopia). The corneas can be thick and cloudy, the eyes tearing, or the corneas can be large (megalocornea). These signs may be indicative of increased intraocular pressure in the patients, a main risk factor associated with glaucoma development. Glaucoma is degeneration of the optic nerve head, or of retinal ganglion cell layers in other parts of the retina, leading to blindness if left untreated. Glaucoma is present in RS patients at about 50% incidence, with a great variability in age of onset, but usually in the teens (Ref. 17) . Dental anomalies represent a second characteristic feature of RS and usually include fewer (hypodontia) or smaller (microdontia) teeth than normal with a complete lack of teeth (anodontia) being the most serious manifestation. There seems to be prevalence for lack of upper incisors (Ref. 31) . The third classic mark of RS is redundant periumbilical skin, which is sometimes hyperplastic. The umbilical stump can be abnormally protruding. In serious cases, patients are dead at birth from omphalocele, or failure of the abdominal wall to close. Other gut defects occasionally seen include an anteriorly misplaced anus or imperforate anus. In addition to this, RS patients often demonstrate a flat midface due to maxillary hypoplasia. Other, less frequently present features 
Gene mutations implicated in ARS
The first ARS chromosomal locus, 4q25, was initially identified by cytology and linkage (Refs 42, 47, 48, 49) . Subsequently, the PITX2 gene, encoding a homeobox transcription factor, was identified in this region both by positional cloning and by mutation screening in ARS families (Ref. 12 ).
Since then, approximately 30 mutations have been reported to date in the PITX2 gene, and chromosomal breakage involving 4q has been found in DNA from families affected by ARS (Refs 2, 50). Most of the mutations are point mutations in the homeodomain, and most result in haploinsufficiency (Refs 2, 50). Other loci have also been implicated in ARS. Several groups initially identified the locus 6p25 as involved in ARS ( Refs 39, 51, 52, 53) . The culpable gene on 6p25 was subsequently identified as the forkhead transcription factor FOXC1 (formerly known as FKHL7) (Refs 13, 14) . Mutations in the FOXC1 gene are mainly found in patients with isolated ARS ocular anomalies; few cases of ARS with systemic defects have been reported to have FOXC1 mutations (Ref. 54) .
A small deletion in the gene for PAX6 on 11p13 was identified in the DNA of one ARS patient (Ref. 15 ). This is the only case of full ARS syndrome (combining ocular, dental and umbilical features) associated with PAX6 mutation to date. In other reports of this mutation, the PAX6 mutations were linked with AA and IH phenotypes (Ref. 16) .
Some ARS patients have balanced chromosomal translocations involving different regions of the genome, which possibly indicate the involvement of other loci in this condition (Refs 2, 12, 54, 55). Researchers have successfully used the chromosome 4, 13 and 6 malformations in ARS patients as guides to identify gene-containing regions for this condition.
In addition, chromosome 16q has been implicated in disorders within the ARS group (Refs 56, 57) . The transcription factor MAF (avian musculoaponeurotic fibrosarcoma oncogene homologue; similar to FOS, JUN, and MYC) is currently the strongest candidate gene in this region (Refs 54, 58) . The locus 13q14 has been implicated from the study of two cases with deletions in this region (Refs 59, 60). The region was also implicated by linkage using another large family (Ref. 36 ). However, this family presented with some non-ARS syndromic defects such as hip, kidney, and hearing defects, in addition to the ARS-typical glaucoma and dental defects, and no umbilical defects were recorded. No gene has yet been identified carrying mutations or rearrangements in this chromosomal region in DNA from such patients.
In Table 1 , we summarise recent data on mutations in the genes PITX2, FOXC1, and the chromosome 13q14 gene. We excluded from this table all deletions, as neighbouring genes might also be affected; therefore, PAX6 is not listed. In summary, the most common defect in full-spectrum ARS patients seems to be point mutations in the PITX2 reading frame (Table 1 ; Refs 2, 50). Mutations in the FOXC1 gene are about as common, and are more frequent in patients with the ocular ARS symptoms only, but are not excluded from patients 
PITX2 isoforms and biochemistry
The PITX genes include PITX1, PITX2 and PITX3. (Fig. 3 ). Each isoform contains alternatively spliced exons and, in addition to this, isoforms A and B originate from a different promoter than C or D. All four currently characterised human isoforms share the C-terminus that includes a protein-protein interaction domain (Refs 77, 78). PITX2A has a short N-terminus preceding the homeodomain. Isoforms PITX2B and C carry large, different N-termini. The PITX2D isoform has a truncated, nonfunctional homeodomain. It is not known to what degree different isoforms contribute to ARS pathology, but the regions where mutations arise -the homeodomain and the C-terminal regionare shared between the isoforms.
Isoforms A, B, and C are widely expressed in craniofacial and other tissue, such as the pituitary and heart. The D isoform is more restricted, and has only recently been cloned from a human craniofacial cDNA library (Ref. 76 ). The A-C isoforms have different expression profiles in different model animals, and different isoforms contribute to the left-specific expression characteristic of PITX2 in different animals (Ref. 2). In the mouse, the C isoform is the leftspecific Pitx2 in cardiac development (Ref. 74) .
In cell culture, isoforms A-C have been shown to transactivate different target gene promoters (prolactin, PLOD1, DLX2, ANF; Table 2 ) to varying degrees, suggesting that they have diverged functions (Refs 75, 76) . The D isoform neither activates promoters nor binds DNA; instead, it serves as a negative regulator of transactivating activity of the other isoforms by protein-protein binding (Ref. 76 ). This inhibitory function is analogous to that of, for example, the Id ('inhibitor of DNA binding') inhibitory proteins of the basic helix-loop-helix transcription factor superfamily (Ref. 79) . Protein kinase C has been found to regulate the transactivating capacity of PITX2, and there is a C-terminal mutation that affects phosphorylation (Ref. 78) . Several different downstream transcriptional target genes have been suggested for PITX2 in different organs ( Table 2 ). 
Variability in disease severity: individual mutant strength theory
Mutated PITX2 proteins can be analysed by in vitro binding to radiolabelled oligodeoxyribonucleotides carrying the PITX2 core homeobox target sequence TAATCC. The mutated proteins can also be studied for their capacity to transactivate reporter genes in cell culture. As expected, biochemical analysis of human ARS-causing mutations showed a correlation between the severity of ARS manifestations and the degree of defective DNA binding and decreased transactivating properties. In a study by Kozlowski 
Same mutation, different phenotypes: the cellular context theory
A peculiar observation is that the same mutation can result in different manifestations in different members of the same ARS family. This is more difficult to explain than the differential biochemical properties discussed above. The phenomenon is also common for glaucoma patients with different aetiology. For example, in one family with full-spectrum ARS including systemic manifestations, the three affected individuals, all carrying a C insertion at position 1083 (a nonsense mutation), presented with different phenotypes (Ref. 82) . Two had classical ARS abnormalities of the teeth, whereas one had normal teeth. The individual with normal teeth had RA in both eyes, and severe glaucoma with no light perception in only one eye. For the other two with tooth defects, one had IH and iridocorneal adhesions in both eyes; the other had PA in one eye, and IH and AA in the other eye. In another family described in the same study (Ref. 82 ), carrying a G-C 3' splice site mutation of intron 2, one of the two affected members had aniridia-like severe bilateral IH, and the other had bilateral RA with asymmetric refractive power Abbreviations: ESC, embryonic stem cell; PIT1, pituitary-specific transcription factor 1. 8 expert reviews in molecular medicine defects (anisometropia), joint hypermobility and an anteriorly placed anus. Both individuals had the classical ARS teeth and umbilical abnormalities. The same type of variability, both in severity of the phenotype associated with different mutations, and variability of the same mutation between family members, is characteristic of FOXC1, PAX6 and PITX3 mutations (Refs 13, 61, 68, 83). There could be at least two possible explanations as to why these variations occur in a mendelian disorder: first, in some of the patients, there could be as-yet-undiscovered modifier mutations in PITX2, or in some other gene, that affect the phenotype. Second, particular alleles of downstream target genes or co-factor genes might demonstrate different sensitivity to a given PITX2 mutation and this might contribute to the variability within the family. It has also been suggested that the clinical outcome of a given mutation in one gene is completely stochastically determined because there are so many intersecting genes and pathways involved (Ref. 84 ). The effect of different Pitx2 isoforms (a, b and c) on craniofacial and tooth development in mice has been studied by using combinations of knockin constructs (Ref. 94 ). The results have indicated that, at least in the tooth, the isoforms are functionally redundant, and that regulation of target genes is dosage dependent rather that isoform dependent. The authors also uncovered evidence for the involvement of Pitx2 in cell migration.
Current molecular understanding of Axenfeld-Rieger syndrome

Animal and cell culture models
Many of the mutations detected in human PITX2 are point mutations in the reading frame, and most of these are in the homeodomain (Ref. 2) . Furthermore, most of these PITX2 mutants are defective in either DNA-binding assays in vitro or are defective in transactivation assays in cell culture (Ref. 2). One human ARS-causing PITX2 mutation, K88E, exhibits dominant-negative molecular behaviour in biochemical and cell culture transfection assays (Refs 95, 96) . That is, the heterodimeric PITX2 protein dimer of one wild-type and one mutated form becomes incapable of synergising with co-factors (PIT1) needed for full transactivation of a given target gene (prolactin). Constructs carrying the ARScausing mutation T68P, used as a control, were found not to disrupt transactivation of cotransfected wild-type PITX2 ( Refs 95, 96) . Curiously, this cell culture model thus also describes the T68P-wild-type heterodimer as functionally normal. This seems to contradict the clinical observations, since the T68P heterozygous patients have serious full-spectrum ARS, albeit the K88E mutation is clinically more severe than the T68P.
Another human ARS-causing PITX2 mutation, V45L, displays elevated transactivating properties in cell culture (Ref. 97) . This finding is consistent with the recent report that mice overexpressing PITX2A in their corneas display hypertrophic corneas (similar to those of Pitx2 −/− mice), iridocorneal adhesions, grey and tearing eyes, and severe apoptosis-associated retinal degeneration (Ref. 98) . This is because an increase of expression Current molecular understanding of Axenfeld-Rieger syndrome 9 expert reviews in molecular medicine level can be equivalent to an increase in functional activation. These findings can be interpreted as an indication that there are as-yet-undiscovered gain-of-function mutations involving PITX2 that lead to defects in human ARS patients. These could be similar to the V45L, or they could be mutations that elevate the expression level. Expression and functional studies in mouse, rat and Caenorhabditis elegans have led to the conclusion that Pitx2 is involved in development of the central nervous system (Refs 12, 87, 105, 106, 107, 108). However, only rarely do ARS patients present with mental defects (Refs 37, 38), and this is not considered part of the normal ARS clinical synopsis.
Zebrafish Pitx2 and Pitx3 genes have been identified and shown to have similar expression patterns, gene structure and sequence to other species (Refs 109, 110, 111) . Both Pitx2 and Pitx3 are strongly expressed during zebrafish ocular development (Pitx2 in the periocular mesenchyme and Pitx3 in the developing lens). Morpholinomediated knockdown of Pitx3 function resulted in a phenotype highly similar to aphakia in mice. This underlines conservation of the pathway in eye development in vertebrates and opens new frontiers for studies of anterior segment dysgenesis/glaucoma phenotypes. The zebrafish model allows a combination of forward and reverse genetic approaches to be utilised to facilitate identification of critical genetic interactions required for the development and function of the eye.
In summary, studies in animal systems have indicated that Pitx2 is important for several developmental processes that are not primarily affected in ARS patients: brain development (Ref. 108) , hindleg development (Ref. 67 ), left-right polarity determination (see above section), and stem cell development (Refs 72, 112) . It is open for speculation, and further research, as to why this is so.
Pathways of gene regulation up-and downstream of PITX2
The PITX2 homeobox transcription factor is part of a large network of gene regulation, which is only partially characterised at present. In addition, there are probably several alternative networks for different tissues, developmental stages, and model animals. However, one of the more carefully elucidated pathways upstream of Pitx2 is the Nodal-Shh pathway (Fig. 4a ). It is a major, although probably not the only, pathway for determining left-right polarity of mesodermderived organs such as heart, gut and lungs (Refs 86, 113, 114, 115, 116, 117, 118) . At its core are merged two major signalling pathways involving members of the transforming growth factor β superfamily: Shh, signalling through its receptor Patched; and Nodal, signalling thought activin receptors linked to Smad internal signalling. The end output known so far is the upregulation/ maintenance of Pitx2 gene expression on the left side, but not on the right side, of some tissues.
Only some Pitx2 isoforms are left-specific; furthermore, which isoform is left-specific varies in different model animals. Also, the direct upstream interactors of Pitx2 in this particular pathway are not yet known. Another, nonasymmetric pathway has been suggested for the regulation of Pitx2 in the developing heart and pituitary (Refs 119, 120) ( Fig. 4b) Pitx2 in different cellular contexts. Similarily, there are probably several more downstream targets of Pitx2 in different tissues. The two PITX2 downstream target genes that seem to have most relevance to ARS are probably the transcription factor DLX2 and the pro-collagen lysyl hydroxylase PLOD2. Dysregulation of DLX2 could explain the tooth phenotypes of ARS patients, and dysregulation of PLOD could explain some of the ocular ARS phenotypes. Nodal, a BMP-family molecule that binds to activin receptors, can auto-upregulate itself. Nodal is also repressed by Lefty2, and on the right side by Fgf8. The EGF-CFC proteins stimulate Nodal binding to the activin receptors. Lefty1 inhibits Nodal-activinreceptor binding. Activin receptor dimerisation induced by Nodal binding triggers intracellular signalling via several Smad proteins to transactivate the transcription factor FoxH1. FoxH1 helps upregulate Nodal, and also indirectly or directly transactivates Pitx2. Nkx2 is a co-factor for Pitx2 regulation. (b) In cardiac and pituitary development, the Wnt signalling molecule can elicit transactivation of Pitx2 through the Frizzled-Dvl receptor complex, and the transactivators β-catenin and Lef1/Tcf. In both pathways, only the key molecules are depicted, and several intra-and extracellular steps have been omitted for the sake of clarity. Note also that Shh participates in several other important developmental pathways such as limb and digit formation. See text for references. Abbreviations: BMP, bone morphogenetic protein; Dvl, dishevelled 1; EGF-CFC, epidermal growth factorcripto, Frl1, cryptic; Fgf, fibroblast growth factor; FoxH1, forkhead box H1; Lef1/Tcf, lymphoid enhancer-binding protein/T-cell-specific transcription factor; Nkx2, NK2 transcription fator related; Pitx2, pituitary homeobox 2; Shh, Sonic hedgehog; SnR, snail-related zinc finger protein. 
Upstream regulatory pathways of Pitx2
Concluding remarks
The clinical consequences of ARS can be serious, such as in the case of glaucoma and omphalocele. However, it is hard to justify general prenatal screens since ARS disorders are very rare. Furthermore, genomic diagnostic kits are not feasible given the large number of loci underlying ARS: there are about 30 known full-spectrum-ARS-causing point mutations for PITX2, and about as many for ocular-only ARS for FOXC1.
There are also many microdeletions in both genes. For several patients, the only genetic difference compared with a normal sibling is a point mutation in a single gene. To achieve full diagnostic saturation, one would have to use many markers to cover presently known sites/breakpoints, which still leaves out at least 30-40% of the cases for which no loci or genes have yet been described. Only in families with identified PITX2, FOXC1 or PAX6 mutations/deletions is the prenatal genetic diagnosis for ARS a possibility. In such families, individuals should be screened for glaucoma regularly throughout life given that about 50% of ARS patients develop the disease, uni-or bilaterally. ARS serves as a good model system for the study of transcription-factor-based genetic disorders of development. As mentioned earlier, there are at least two major regulatory pathways identified upstream of Pitx2: the Wnt-β-catenin-Pitx2-CyclinD2, and the Nodal-Shh-Lefty2-Pitx2 pathways. Multiple direct downstream target genes of Pitx2 have been identified from many different functional groups: transcription factors, cell-cycle control proteins, growth factors, morphogens and modifying enzymes of extracellular matrix proteins. It is currently not known if or how these pathways branch together, if there are additional regulatory pathways upstream of Pitx2, or to which of the two identified upstream pathways the target genes relate best to. It is almost certain that additional Pitx2 target genes will be discovered. It also seems very likely that the identity of additional downstream target genes will vary with tissue type and developmental stage, and there may be a requirement for tissue-and stage-specific co-factors of Pitx2.
Researchers studying human gene mutations mostly limit their searches to the coding regions. However, splice-site mutations are occasionally found in introns. For the PITX2 gene, there is as yet no published comprehensive study of mutations in the promoter region, or of regulatory regions further upstream of the gene. It has been known for some time that the correct dosage of PITX2 is crucial for its function in many organ systems. Recent advances, including isolation of an apparent gain-of-function human mutation, as well as a study of PITX2 overexpression in mice, point to the possibility of finding more gain-offunction mutations in human patient DNA. These could take many shapes and forms, perhaps most likely as destroyed silencers or destroyed negative regulatory elements. Gain-of-function pathology could also be caused by genetic defects in upstream repressor pathways of PITX2. As more than half of all detected cases of ARS cannot be attributed to any of the known genes/gene regions, it is at least plausible that some of them would represent such novel gain-of-function or loss-of-function mutations in PITX2 regulatory regions. Identification of such mutations is an emerging theme in many genetic disorders (Ref. 125 ). expert reviews in molecular medicine Tables   Table 1 . Summary of Axenfeld-Rieger syndrome phenotypes associated with nondeletion mutations in specific genes. Table 2 . Some proposed target genes of PITX2.
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